ABSTRACT: Ricinoleic acid (RA; 12-hydroxycis-9-18:1) is the main fatty acid component of castor oil. Although a precursor for CLA synthesis in lactic acid bacteria, RA was found previously not to form CLA in ruminal digesta but to have some inhibitory properties. The present study was undertaken to evaluate the potential of RA to modulate ruminal biohydrogenation and methanogenesis. Ruminal digesta from 4 sheep receiving a mixed hay-concentrate diet was incubated in vitro with 0.167 g/L of linoleic acid (LA; cis-9,cis-12-18:2) or with a combination of LA and RA or LA and castor oil (LA, RA, and castor oil added to a fi nal concentration of 0.167 g/L) in the presence and absence of lipase. The CLA rumenic acid (cis-9,trans-11-18:2) accumulated when either RA or castor oil and lipase was present. Vaccenic acid (VA; trans-11-18:1) also accumulated, and a decrease of the rate of production of stearic acid (SA; 18:0) was observed. When LA was incubated with castor oil in the absence of lipase, no effects on biohydrogenation were observed. Ricinoleic acid at 0.02 g/L did not affect growth of Butyrivibrio fi brisolvens but it inhibited growth of Butyrivibrio proteoclasticus. Butyrivibrio proteoclasticus but not B. fi brisolvens metabolized RA to 12-hydroxystearate. Linoleic acid metabolism by B. proteoclasticus appeared to be unaffected by RA addition whereas rumenic acid accumulation increased (P = 0.015 at 12 h) when RA was added. A 28% decrease (P = 0.004) in methane was obtained in 24 h in vitro incubations of diluted buffered ruminal fl uid with added 0.2 g RA/L. There was no effect on the total concentration of VFA after 24 h as a result of RA addition, but the molar proportions of acetate and butyrate were decreased (P = 0.041 and P < 0.001, respectively) whereas that of propionate increased (P < 0.001). It was concluded that, at least in vitro, RA or the combination of castor oil and lipase inhibit biohydrogenation, causing the accumulation of rumenic acid and VA, with potential health benefi ts for ruminant products. The effect appeared to be mediated via an inhibitory effect on the biohydrogenating activity of B. proteoclasticus. An added environmental benefi t could be a concomitant decrease in methane emissions. In vivo studies are now required to confi rm the potential of these additives.
INTRODUCTION
One of the main aims of research in ruminant lipid metabolism is to improve the healthiness of ruminant products by increasing their PUFA, particularly CLA, content (Lock and Bauman, 2004; Scollan et al., 2006) . The inclusion of unsaturated fatty acids in the diet, such as in the form of fi sh oil, is a well-established strategy to enhance the fatty acid profi le of ruminant products. Unsaturated fatty acids exert an antimicrobial effect on ruminal biohydrogenating species (Maia et al., 2007) that leads to the accumulation of biohydrogenation intermediates and an increased fl ow of PUFA and CLA from the rumen (Shingfi eld et al., 2003; Lee et al., 2005 Lee et al., , 2008 . Vaccenic acid (VA; fl ow is also increased, which is benefi cial because it is a substrate for the formation of CLA in the tissues of the animal (Griinari et al., 2000) . Although ricinoleic acid (RA; is an intermediate in CLA formation by the nonrumen bacterium, Lactobacillus plantarum (Ogawa et al., 2005) , incubations of RA with ruminal digesta established that RA was not converted to CLA in the rumen but that it may be inhibitory to fatty acid biohydrogenation . As RA is abundant in castor oil, the present study was undertaken to investigate the inhibition of biohydrogenation by RA and castor oil, both in mixed ruminal digesta and in pure cultures of ruminal biohydrogenating bacteria. Fatty acid metabolism is linked to other areas of ruminal metabolism through a common reliance on H 2 metabolism (Lourenço et al., 2010) , leading to interactions between methane emissions, VFA proportions, and fatty acid metabolism (Fievez et al., 2003; Wąsowska et al., 2006; Goel et al., 2009 ). Therefore, it was hypothesized that RA would affect both methane and VFA metabolism as well as biohydrogenation, and both were measured in addition to fatty acid biohydrogenation.
MATERIALS AND METHODS
Animal experimentation was carried out under conditions governed by a license issued by the United Kingdom Home Offi ce.
Animals, Experimental Diet, and Digesta Sampling
Four mature sheep, each fi tted with a ruminal cannula, received 800 g DM/d of ration comprising (g/kg DM) grass hay (300), rolled barley (422.5), soybean meal (167.5), molasses (100) and minerals and vitamins (10) as 2 equal meals (2 × 400 g) at 0800 and 1600 h. Samples of ruminal digesta were collected from each animal just before the morning feeding. Digesta samples were bubbled with CO 2 and maintained at 39°C, and strained ruminal fl uid (SRF) was obtained by straining through double-layered muslin gauze. The time for transfer from collection to the inoculation of culture vessels was less than 30 min. Each set of incubations was carried out using ruminal digesta from 4 sheep incubated individually (4 replicates).
Incubations with Ruminal Digesta In Vitro
Strained ruminal fl uid was incubated either with linoleic acid (LA; Sigma-Aldrich Co. Ltd., Gillingham, UK) or with a combination of LA and RA (Sigma-Aldrich Co. Ltd.) or LA and castor oil (Sigma-Aldrich Co. Ltd.) in the presence and absence of lipase (type VI-S from porcine pancreas; Sigma-Aldrich Co. Ltd.; L0382). Additionally, incubations of SRF with rumenic acid (cis-9,trans-11 CLA) and VA, as substrates for the biohydrogenating bacteria, with or without RA added were carried out with the aim of studying where in the biohydrogenation sequence the inhibition by RA occurred.
One milliliter of SRF was added under CO 2 to screwcapped Pyrex tubes (125 by 16 mm) containing one of these: 0.2 mL distilled water; 0.1 mL of 2 g LA/L and 0.1 mL distilled water; 0.1 mL of 2 g rumenic acid/L and 0.1 mL distilled water; 0.1 mL of 2 g VA/L and 0.1 mL distilled water; 0.1 mL of 2 g LA/L and 0.1 mL of 2 g RA/L; 0.1 mL of 2 g rumenic acid/L and 0.1 mL of 2 g RA/L; 0.1 mL of 2 g VA/L and 0.1 mL of 2 g RA/L; 0.1 mL of 2 g LA/L and 0.1 mL of 2 g castor oil/L; or 0.1 mL of 2 g LA/L, 0.1 mL of 2 g castor oil/L, and 0.04 mL of 50,000 units lipase/mL. Tubes were incubated under CO 2 at 39°C and removed at 0, 1, 3, 6, 9, and 24 h for fatty acid analysis. Reactions were stopped by heating in a heating block at 100°C for 10 min and tubes were stored at -20°C.
To measure the infl uence of RA on methane production, SRF from each sheep was diluted 1:2 in artifi cial saliva solution (Menke and Steingass, 1988) . Aliquots (50 mL) of the diluted SRF were added anaerobically to Wheaton bottles containing 0.4 g of the ration fed to the sheep, previously ground to pass through a 1-mm mesh screen. Treatments consisted of control incubations (0.4 g of diet only) and incubations either with 1 mL of 2.5 mM 2-bromoethanesulfonic acid sodium salt (BES), as a positive control (Sauer and Teather, 1987) , or 1 mL of 10 g RA/L. Two replicate bottles for each treatment and sheep were incubated under CO 2 and at 39°C for 24 h. Then total gas production was measured and the reaction was stopped by adding 1 mL of saturated mercuric chloride. A gas sample (1 mL) was removed from each bottle and analyzed for methane (López et al., 1999) . Volatile fatty acids were determined by using ethylbutyric acid as the internal standard as described by Stewart and Duncan (1985) .
Incubations with Pure Cultures
Three species of ruminal bacteria were used. Butyrivibrio fi brisolvens JW11 was originally isolated from sheep as a proteolytic species (Wallace and Brammall, 1985) and Butyrivibrio proteoclasticus P18 is a recently identifi ed stearic acid (SA)-producing bacterium isolated from grazing sheep ; these 2 species are the main cultivated species known to be involved in fatty acid biohydrogenation (Lourenço et al., 2010) . Propionibacterium acnes G449 was found to produce trans-10,cis-12-CLA from LA . These ruminal bacteria are held in the culture collection maintained at the Rowett Institute of Nutrition and Health, Aberdeen, UK.
To study the effect of RA on growth as well as its metabolism, incubations were carried out under O 2 -free CO 2 at 39°C in Hungate-type tubes in the medium M2 (Hobson, 1969) without agar. Inoculum volumes were 5% (vol/vol) of a fresh overnight culture into 5 mL of medium. Ricinoleic acid was added to a fi nal concentration of 0.002, 0.02, and 0.05 g/L. Fatty acids were prepared as a separate solution, sonicated for 4 min in a small volume of medium, and added to the medium before dispensing and autoclaving. Growth of bacteria was measured in triplicate from the increase in optical density at 650 nm of the control tubes using a Novaspec II spectrophotometer (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK). Metabolism of RA was determined by comparison of fatty acid determinations in the inoculated medium containing 0.02 g RA/L with uninoculated controls. Additionally, incubations of B. proteoclasticus P18 were also conducted either with LA alone or with a combination of LA and RA, both added to a fi nal concentration of 0.02 g/L, to study the infl uence of RA on metabolism of LA. One milliliter was removed periodically for total fatty acid analysis.
Linoleic Acid Isomerase Activity
Linoleic acid isomerase activity by B. fi brisolvens in the presence of RA was assessed by the method of Kepler and Tove (1967) . Cells of B. fi brisolvens JW11 in medium M2 [5% (vol/vol) of a fresh culture into 7 mL of medium] were harvested by centrifugation (2,500 × g for 15 min at 20°C) and resuspended in the same volume of 0.1 M potassium phosphate buffer, pH 7.0. Cells were diluted 1 to 10 before use in 0.1 M potassium phosphate buffer, pH 7.0. A stock substrate solution of 1 mg of LA in 5 mL of 1,3-propanediol was prepared and the reagent solution was made up daily by mixing 5 mL of stock substrate solution with 55 mL of 0.1 M potassium phosphate buffer, pH 7.0, and 10 mL of 1,3-propanediol. Then 0.05 mL of diluted cell suspensions of B. fi brisolvens JW11 were incubated with 0.10 mL of reagent solution and 0.05 mL of RA at different concentrations (0.4, 0.2, 0.1, 0.05, and 0.02 g/L) in a 96-well plate. Enzymatic activity was calculated from the rate of increase in absorbance at 233 nm due to the absorbance of the conjugated double bonds of the CLA formed.
Fatty Acid Extraction and Analysis
Extraction of total fatty acids was based on the method of Folch et al. (1957) , incorporating the modifi cations of Devillard et al. (2006) . Nonadecanoic acid (0.1 mL of 0.2 g/L in methanol) was used as internal standard. Fatty acid methyl esters were prepared under mild conditions using methanolic H 2 SO 4 (Wąsowska et al., 2006) and quantifi ed using a gas chromatograph (model 6890; Agilent Technologies, Wokingham, Berkshire, UK) equipped with a fl ame-ionization detector, quadrupole mass-selective detector (model 5973N), and 30-m fused silica capillary column (0.25 mm i.d.) coated with a 0.25 μm fi lm of 100% polyethylene glycol (Zebron ZB-Wax Plus; Phenomenex, Macclesfi eld, Cheshire, UK). The total fatty acid methyl esters profi le in 1 μL of sample at a split ratio of 20:1 was determined using a temperature gradient program (initial temperature 80°C for 1 min and then increased at a rate of 25°C/min to 160°C, which was held for 3 min, then increased at a rate of 1°C/min to 190°C, and then further increased at a rate of 10°C/min to 230°C and held for 40 min). Helium was the carrier gas, operated at constant pressure (97 kPa) and fl ow rate of 1.4 mL/min. Injector and mass spectrometer detector temperatures were maintained at 250 and 230°C, respectively. Peaks were routinely identifi ed by comparison of retention times with authentic fatty acid methyl esters standard obtained from Sigma (Poole, Dorset, UK) and Matreya (Pleasant Gap, PA). Identifi cation was validated based on electron impact ionization spectra of fatty acid methyl esters obtained under an ionization voltage of 2,247 V.
Samples of diluted ruminal digesta were analyzed for VFA content by gas-linear chromatography (GLC) as described previously (Stewart and Duncan, 1985) .
Data Analysis
Mixed-culture data were analyzed at each time point separately by randomized block ANOVA, with individual sheep as a blocking term. Individual comparisons were determined by post hoc t-tests using the LSD. Post hoc tests used unprotected LSD. The pattern of overall signifi cant differences was generally quite clear. Pure-culture data were analyzed by ANOVA, again compared at each sampling time. GenStat 10th edition (VSN International, Hemel Hempstead, UK) was used. The initial activity of linoleate isomerase was calculated from the fl uorescence readings over the fi rst 10 min, by calculating the slope of the least squares best fi t line. The resulting gradients were compared by ANOVA.
RESULTS

Infl uence of Ricinoleic Acid and Castor Oil on Biohydrogenation by Mixed Ruminal Microorganisms
Strained ruminal fl uid was incubated in vitro with LA (0.167 g/L) in the presence and absence of RA. Linoleic acid was metabolized extensively even after 1 h. There were no changes (P > 0.05) in the initial rate of metabolism of LA when RA was present (Figure 1a) although most of the LA had been metabolized before the fi rst sampling time. An increase in rumenic acid ac-cumulation at 1 h as well as an inhibition (P < 0.05) of its further metabolism were observed, such that >20 mg/L remained at 6 h, at which time rumenic acid had disappeared from control incubations (Figure 1b) . Vaccenic acid also accumulated to greater concentrations (P < 0.001 at 24 h) when RA was present (Figure 1c) . The production of SA decreased (P = 0.011 at 6 h and P < 0.01 at 9 and 24 h) as a result of the addition of RA (Figure 1d) . In vitro incubations of SRF with RA and rumenic acid as substrate showed that there was an inhibition of the metabolism of rumenic acid (P = 0.05 at 3 h; 26.6 and 50.2% of rumenic acid left in the absence and presence of RA, respectively), which caused a slowdown of VA metabolism (results not shown). Likewise, when SRF was incubated with RA and VA, there was an inhibition of the reduction of VA to SA (P < 0.05 at 1, 3, 6, and 9 h; 88.9 vs. 96.6%, 82.8 vs. 95.9%, 78.7 vs. 94.3%, and 76.2 vs. 94.3% of VA left at 1, 3, 6 and 9 h incubations, in the absence and presence of RA, respectively; results not shown). Ricinoleic acid had no inhibitory effect on the activity of linoleate isomerase in B. fi brisolvens; indeed, the inclusion of RA increased slightly (P = 0.023) the initial rate of CLA appearance and the plateau that was reached (Figure 2 ). There was no difference between the gradients (P = 0.093) at different concentrations of RA.
Castor oil had no detectable effect (P > 0.05) on the biohydrogenation of LA to SA or the accumulation of intermediate fatty acids (Figure 3 ) in mixed digesta. However, when castor oil and lipase were incubated with LA and mixed ruminal microorganisms, rumenic acid accumulated to a greater extent (P < 0.05 at 3, 6, and 9 h), as did VA at 9 h (P < 0.01; Figure 3b and 3c). Stearic acid Results are mean ± SE from 4 sheep. *P < 0.05; **P < 0.01; ***P < 0.001. production was also inhibited (P < 0.001 at 9 h) as a result of castor oil and lipase addition (Figure 3d ).
Infl uence of Ricinoleic Acid on Growth and Metabolism by Biohydrogenating Bacteria
Ricinoleic acid did not inhibit growth of B. fi brisolvens JW11 and B. proteoclasticus P18 at 0.002 g RA/L (Figure 4a) . Growth of B. proteoclasticus but not B. fibrisolvens was inhibited at 0.02 g/L (Figure 4b ). Neither B. proteoclasticus nor B. fi brisolvens initiated growth if RA was included at a concentration of 0.05 g/L ( Figure  4c ). Ricinoleic acid metabolism by B. fi brisolvens and B. proteoclasticus was determined at the maximal RA concentration that allowed growth (0.02 g/L), by measuring fatty acid concentrations at stationary phase, which was 24 h for B. fi brisolvens and 48 h for B. proteoclasticus ( Figure 5 ). Only B. proteoclasticus metabolized RA, forming 12-hydroxystearate. In separate incubations of B. proteoclasticus with LA (0.02 g/L) in the presence and absence of RA (0.02 g/L), LA metabolism appeared to be unaffected whereas the accumulation of rumenic acid was increased (P = 0.015 at 12 h; results not shown).
Effect of Ricinoleic Acid on Methane Production
A 28% decrease (P = 0.004) in methane production was obtained in 24 h in vitro incubations of diluted buffered ruminal fl uid with 0.2 g RA/L in comparison with control incubations (Figure 6 ). The positive control, containing 2.5 mM BES, decreased (P < 0.001) methane production by 81% (Figure 6 ). There was no effect on the total concentration of VFA after 24 h (P > 0.05) as a result of RA addition (Table 1) . Mean values of acetate and butyrate concentrations were reduced (P = 0.041 and P < 0.001, respectively) whereas those of propionate were greater (P < 0.001) when RA was added (Table 1) .
DISCUSSION
Ricinoleic acid is used in a variety of industrial processes and domestic products. It originates from the oil of the castor plant. Castor is currently cultivated on a commercialized scale for the seeds and oils that are used in the manufacturing of high-grade lubricants and also in traditional medicine. Castor bean meal has been explored as a replacement for soybean meal in cattle (Diniz et al., 2010 (Diniz et al., , 2011 De Barros et al., 2011) . As far as we know, there are few reports on the use of castor oil in ruminants. Bris et al. (1969) did not observe any effect on digestibility when 0.5% of castor oil was added to the diet of fattening cattle. Regarding the possible transference of RA to milk, Robb et al. (1974) found only traces of hydroxyl fatty acids in milk fat from cows fed on castor oil meal and castor oil at 0.5%. These authors also showed that milk from cows fed castor oil was apparently not injurious when fed to calves or rats. Recently, Pereira et al. (2010) studied the composition of milk from goats fed castor oil at 3% and obtained an increase in milk fat content and a decrease in the lactose content. About 88% of the total fatty acids in castor oil is RA, which is present as the esterifi ed form in triacylglycerols. Ricinoleic acid alone does not seem to have been used in ruminant nutrition.
Our interest in RA stemmed from studies to elucidate the mechanism by which rumenic acid was formed in the rumen. Ricinoleic acid had been reported to be an effective substrate for CLA production by the nonrumen Lactobacillus plantarum (Ogawa et al., 2005) . However, incubations of RA with ruminal digesta showed that RA was reduced to hydroxyl fatty acid intermediates and not to isomers of CLA . In the same study, it was reported that RA inhibited the growth of biohydrogenating ruminal bacteria, but only a single concentration was used and no observations on the mixed community were made. It emerges from the present studies that RA inhibited the metabolism of LA by mixed ruminal microorganisms in vitro, resulting in an accumulation of rumenic acid and VA whereas SA production was inhibited. Incubations of SRF with RA and either rumenic acid or VA as substrate suggested that the inhibitory effect of the RA was at the last hydrogenation step, the reduction of VA to SA, via a greater toxicity to B. proteoclasticus than other species. There appeared to be no effect of RA on the rate of LA conversion to rumenic acid in ruminal digesta although the LA was metabolized so rapidly that an effect could have been obscured. The absence of an effect of RA on isomerase activity by B. fi brisolvens would tend to confi rm that there was no infl uence of RA on the initial step of biohydrogenation. It should be noted that the full time scale of the reaction is shown here because of the possibility that RA might affect the anomalous kinetics exhibited by this enzyme, in the sense that the reaction stops when only a small fraction of the substrate has been metabolized (Kepler and Tove, 1967; Kim et al., 2000) .
Castor oil had no effect on the biohydrogenation of LA with mixed ruminal microorganism unless lipase was added. It is the nonesterifi ed unsaturated fatty acids rather than their esterifi ed form that inhibit biohydrogenation via their toxicity to biohydrogenating ruminal bacteria (Wąsowska et al., 2006; Wood et al., 2010) . Therefore, endogenous rumen microbial lipases alone appear to be insuffi cient to release RA from castor oil at a rate rapid enough to be inhibitory. Lipase would have to be added as a feed additive enzyme or perhaps as a lipase-rich plant material if castor oil were to be a useful substrate to modify biohydrogenation. Until now, only glycosyl hydrolases, esterases, and proteases have been considered for application in ruminants (Wang and McAllister, 2002; Colombatto and Beauchemin, 2009) .
In dietary studies and in pure cultures, the antimicrobial effect of dietary lipids is associated with the degree of unsaturation of the fatty acids present (reviewed by Lourenço et al., 2010) . Therefore, PUFA are more toxic to biohydrogenating bacteria than di-or monoenoic fatty acids (Maia et al., 2007) . Recently, it has been shown that even different PUFA isomers, such as α-linolenic acid and γ-linolenic acid, had different toxicity (Maia et al., 2010) . Therefore, the molecular confi guration of RA may be responsible for its antibacterial potency; other MUFA such as oleic acid are less toxic (Maia et al. 2007) . It is also noteworthy that the most sensitive species, B. proteoclasticus, can metabolize RA whereas B. fi brisolvens cannot. This detoxifi cation might be used to discriminate B. proteoclasticus from other members of the Butyrivibrio group. Butyrivibrio proteoclasticus also metabolizes VA to SA whereas B. fi brisolvens does not (Lourenço et al. 2010) .
Molecular hydrogen links several metabolic processes in the rumen. The formation of methane contributes to the effi ciency of the system as it represents the main sink for H 2 , which could otherwise accumulate and inhibit fermentation. Enteric methane is an important greenhouse gas but also it represents a signifi cant Figure 6 . Infl uence of ricinoleic acid (RA) in vitro on 24 h methane formation in diluted, buffered ruminal digesta. 2-Bromoethanesulfonic acid sodium salt (BES) was used as a positive control. Results are mean ± SE from 4 sheep. **P < 0.01; ***P < 0.001. energy loss to the animal (2 to 12% of gross energy intake). Ricinoleic acid reduced methanogenesis as well as biohydrogenation. The shift in VFA proportions towards greater propionate with RA addition was consistent with other observations when methanogenesis was inhibited (Zhang et al., 2008) . A similar shift in rumen VFA concentrations has been reported for other fatty acid supplements such as fi sh oil (Fievez et al., 2003) . It seems likely that RA and PUFA have more than one site of action. Inhibition of biohydrogenation would lead to more H 2 being available for methanogenesis, not less, and vice versa. Therefore, the fatty acids must affect different metabolic activities in different microorganisms. Nonetheless, the net effect of RA would be expected to be benefi cial both to fatty acid metabolism and greenhouse gas emissions. Taking into account the in vitro results and assuming a rumen pool size of 10 L in dairy sheep, the amount of RA to be added to the diet would be about 2 g per animal and day. However, the extrapolation of the dose from in vitro experiments to in vivo conditions has limitations and a wide range of concentrations should be tested.
In conclusion, RA inhibits the biohydrogenation of LA in vitro, with the accumulation of rumenic acid and VA; therefore, it may have the potential to function in a manner similar to fi sh oil or algae in modifying the fatty acid composition of ruminant products. It may have the added benefi t of decreasing rumen methanogenesis. The inhibition of the biohydrogenation by RA appears to be due to differential toxicity of RA towards B. proteoclasticus although B. fi brisolvens is infl uenced as well although at greater concentrations. The in vivo evaluation of RA is suggested for future studies, also to investigate the potential of combining its parent commodity, castor oil, with lipase to release RA at increased rates.
